Objective: The present study aimed to investigate the participation of focal adhesion kinases (FAK) in interactions between osteoblastic cells and titanium (Ti) surfaces with three different topographies, namely, untreated (US), microstructured (MS), and nanostructured (NS). Methodology: Osteoblasts harvested from the calvarial bones of 3-day-old rats were cultured on US, MS and NS discs in the presence of PF-573228 (FAK inhibitor) to evaluate osteoblastic differentiation. After 24 h, we evaluated osteoblast morphology and vinculin expression, and on day 10, the following parameters: gene expression of osteoblastic markers and integrin signaling components, FAK protein expression and alkaline phosphatase (ALP) activity. A smooth surface, porosities at the microscale level, and nanocavities were observed in US, MS, and NS, respectively. Results: FAK inhibition decreased the number of filopodia in cells grown on US and MS compared with that in NS. FAK inhibition decreased the gene expression of Alp, bone sialoprotein, osteocalcin, and ALP activity in cells grown on all evaluated surfaces. FAK inhibition did not affect the gene expression of Fak, integrin alpha 1 (Itga1) and integrin beta 1 (Itgb1) in cells grown on MS, increased the gene expression of Fak in cells grown on NS, and increased the gene expression of Itga1 and Itgb1 in cells grown on US and NS. Moreover, FAK protein expression decreased in cells cultured on US but increased in cells cultured on MS and NS after FAK inhibition; no difference in the expression of vinculin was observed among cells grown on all surfaces. Conclusions: Our data demonstrate the relevance of FAK in the interactions between osteoblastic cells and Ti surfaces regardless of surface topography. Nanotopography positively regulated FAK expression and integrin signaling pathway components during osteoblast differentiation.
Introduction
Excellent mechanical and biological properties render titanium (Ti) to be the most frequently used biomaterial for manufacturing dental implants. 1 The bone−Ti contact is influenced by several parameters, including topography and surface chemistry of the dental implants. Osseointegration of implants is strongly associated with the responses of osteoblasts to the surface of the biomaterial, and signaling pathways involved in osteoblastic differentiation, such as integrin signaling, are known to play an important role in this process.
Integrins are heterodimeric transmembrane proteins composed of α and β subunits forming a family of membrane receptors whose primary function is adhesion of cells to extracellular matrix proteins, such as collagen and fibronectin; some of these receptors involved in osteoblastic differentiation. [1] [2] [3] The integrin signaling pathway acts in both directions of the cell membrane, i.e., binding of integrins to components of the extracellular matrix triggers an intracellular signaling cascade and the activation of integrins is modulated by intracellular signals and, consequently, their affinity to the ligand present in the extracellular matrix. 4 Focal adhesion kinases (FAK) or Src family kinases are the main integrin-activated protein tyrosine kinases that play a key role in this signaling pathway. 1, [4] [5] [6] The associations of extracellular matrix ligands, integrins, and cytoskeletal components form a focal adhesion complex, where FAK is recruited and interacts directly or indirectly with these complexes causing their activation by autophosphorylation and consequent binding to Src kinase. Src kinases phosphorylate several components of focal adhesion sites participating in FAK signaling to generate the signal transduction mechanism. 7, 8 The development of biomaterials modulating the interaction between integrins and the extracellular matrix represents an important strategy for therapies related to bone tissue in dentistry and medicine.
Several studies have demonstrated the participation of the integrin signaling pathway, through FAK, in response of osteoblastic cells to different surface topographies. [9] [10] [11] [12] [13] [14] [15] [16] Thus, the role of specific FAK inhibitors in the osteogenic potential of cells on Ti surfaces is an interesting research topic. The present study aimed to investigate the participation of FAK in interactions between osteoblastic cells and Ti surfaces with different topographies by using a specific FAK inhibitor.
Methodology
Cell culture Osteoblastic cells were obtained according to a method previously described. 17 
Selection of FAK inhibitor concentration
A potent and specific FAK inhibitor, PF-573228 MA, USA) as described elsewhere. 21 An AxioCam MRM digital camera (Carl Zeiss Inc., Oberkochen, Germany) coupled with an AxioImager M2 Zeiss light microscope (Carl Zeiss Inc.) was used to analyze the samples. The cell nuclei were counted from three different fields on three different coverslips for each treatment (n=9). 
Preparation of Ti surfaces

Effect of FAK inhibition in osteoblastic cells grown on Ti surfaces
The cells were plated on the Ti surfaces at a density of 2×10 4 cells/disc in 24-well polystyrene plates (Corning Incorporated) for up to 10 days, using OM containing PF-573228 0.1 µM, which was selected in a previous experiment. The parameters described below were then evaluated.
Scanning electron microscopy
Exactly 24 h after culture on the Ti surface, SEM was carried out to observe cells grown with or without PF-573228. The samples were fixed in was used to detect their ALP activity as previously described. 25 The absorbance (n=4) was evaluated at 590 nm by using the plate reader μQuant (Bio-Tek Instruments Inc., Winooski, VT, USA), and ALP activity was calculated and expressed as μmol of thymolphthalein/h/mg protein as previously described.
Gene
Gene name Identification
Runx2
Runt-related transcription factor 2 Rn01512298_m1
Alpl Alkaline phosphatase (Alp) Rn01516028_m1
Ibsp
Integrin binding sialoprotein (Bone sialoprotein/Bsp) Rn00561414_m1
Bglap Bone gamma-carboxyglutamate protein (Osteocalcin/Oc) Rn00566386_g1
Gapdh Glyceraldehyde-3-phosphate dehydrogenase Rn01775763_g1
Itga1
Integrin subunit alpha 1 Rn0057864_m1
Itgb1
Integrin subunit beta 1 Rn00566727_m1
Ptk2
Protein tyrosine kinase 2 (Focal adhesion kinase/Fak) Rn01505115_m1 
Results
Selection of FAK inhibitor concentration
Ti surface characteristics
The methods used in this experiment effectively produced surfaces with different topographies ( Figure   3 ). US exhibited a smooth surface ( Figure 3A) , MS presented porosities at the microscale level ( Figure   3B ), and NS presented nanocavities ( Figure 3C ). 
Effect of FAK inhibition on morphology of osteoblastic cells grown on Ti surfaces
Effect of FAK inhibition on ALP activity of osteoblastic cells grown on Ti surfaces
Similar to the gene expression findings, FAK inhibition decreased the ALP activity in cells grown on US ( Figure 6A, p=0 .001), MS ( Figure 6B, p=0 .013), and NS ( Figure 6C, p=0 .001).
Effect of FAK inhibition on the gene expression of integrin signaling pathway components in osteoblastic cells grown on Ti surfaces FAK inhibition did not affect the gene expression
of Fak (Figure 7A Ti surface modification can improve implant wettability and increase the available surface for bone growth and fixation and blood clotting. 22 Osseointegration of Ti depends mostly on the interactions between the material surface and cells, in which cell signaling pathways play an important role. FAK is involved in several signaling pathways due to its ability to bind to several proteins involved in these pathways; its function is related to many cellular processes such as migration, growth factor signaling, cell cycle progression, and cell survival. 26, 27 The present study focused on the role of an FAK inhibitor in the responses of osteoblastic cells to Ti.
We selected an FAK inhibitor concentration of 0.1 μM because this value is the lowest concentration that did not significantly interfere with cell counting among the tested concentrations. This finding is supported by the observation that the same concentration of PF-573228 does not prevent cell proliferation but efficiently inhibits FAK activity. 20 Cells grown on MS and NS showed a higher number of slender cytoplasmic projections attached to the surfaces compared with those grown on a smooth surface. In support of this finding, a previous study observed higher numbers of pseudopodia and more cell spreading on nanotextured Ti compared with those on a smooth surface. 28 The FAK inhibitor reduced cell spreading on both US and MS surfaces without significantly affecting the morphology of cells grown on NS. This finding may be due to the higher wettability of NS compared with those of US and MS; such wettability could inactivate or compensate the inhibitory effect produced by the FAK inhibitor. 22, 29 In this study, FAK inhibition downregulated the gene expression of key bone markers and ALP activity in cells grown on all evaluated surfaces. FAK is a component of the focal adhesion complex and is essential for the development of integrin signaling. The participation of integrins in osteoblastic cell behavior has been extensively discussed in the literature. Indeed, we previously demonstrated the role of integrins α1, β1, and β3 in the osteogenic potential of NS. 10, 11 The use of an FAK inhibitor impaired the genotypic and phenotypic expression of osteoblasts cultured on all evaluated Ti surfaces, thereby corroborating a previous study showing that FAK inhibition adversely affects the development of osteoblastic phenotype in the same culture model used in the present work. 30 Moreover, FAK inhibition increased the gene expression of integrins α1 and β1 in cells cultured on US and NS but not on MS. These data suggest the presence of a compensatory mechanism upregulating the expression of these integrins in response of FAK inhibition that is dependent on surface topography. In fact, this compensatory phenomenon has been previously described for other molecular mechanisms. 31, 32 The presence of PF-573228 did not affect the Focal adhesion complexes are key structures participating in the interactions between cells and surfaces of biomaterials and may affect cell morphology, proliferation, differentiation, and apoptosis. 35 Vinculin detection has been conducted to identify these complexes, but distinct data have been described [36] [37] [38] . In the present work, we evaluated vinculin expression by immunofluorescence but we did not find a correspondence between the topography and vinculin expression of cells grown with or without the FAK inhibitor (data not shown). This result may be due to the effects of the trial periods chosen for the evaluation or the methodology used. 39
Conclusion
Our results demonstrated the relevance of FAK to the interactions between osteoblastic cells and Ti surfaces regardless of surface topography. We also observed that nanotopography upregulates 
